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In Drosophila, the replacement of spent enterocytes (ECs) relies on division of intestinal stem cells (ISCs)
and differentiation of their progeny, the enteroblasts (EBs). Recent studies have revealed a role for
JAK/STAT signaling in the modulation of the rate of ISC division in response to environmental challenge.
Here, we demonstrate the critical role of the UPD3 cytokine in the JAK/STAT-dependent response to
enteric infection. We show that upd3 expression is activated in ECs and in EBs that massively
differentiate in response to challenge. We show that the UPD3 cytokine, which is secreted basally
and accumulates at the basement membrane, is required for stimulation of JAK/STAT signaling in EBs
and visceral muscles (VMs). We further show that stimulation of ISC division requires active JAK/STAT
signaling in EBs and VMs, but apparently not in ISCs. Our results suggest that EBs and VMs modulate
the rate of the EGFR-dependent ISC division through upd3-dependent production of the EGF ligands
Spitz and Vein, respectively. This study therefore supports the notion that the production of the UPD3
cytokine in stem cell progeny (ECs and EBs) stimulates intestinal stem cell division through modulation
of JAK/STAT signaling in the stem cell microenvironment (EBs and VMs).
& 2012 Elsevier Inc. All rights reserved.Introduction
The Drosophila intestine shares striking structural and func-
tional similarities with its mammalian counterpart (Casali and
Batlle, 2009). It is composed of an outer layer of longitudinal and
circular smooth muscles that execute peristalsis, and an inner
layer of specialized epithelial cells that constitutes the intestinal
epithelium. The outer and inner layers are connected by a base-
ment membrane. Seminal studies have recently demonstrated
that, in addition to specialized epithelial cells, the intestinal
epithelium is also populated with intestinal stem cells (ISCs)
(Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006).
ISCs are small cells located at the basement membrane, where
they contribute to the renewal of the intestinal epithelium
(Ohlstein and Spradling, 2007). Division of ISCs gives rise to one
cell that retains stem cell properties, and one progenitor,
termed enteroblast (EB), which will ultimately differentiate intoll rights reserved.
e).enterocytes or enteroendocrine cells displaying absorptive and
secretory functions, respectively (Ohlstein and Spradling, 2007).
Under normal physiological conditions, homeostasis of the
intestinal epithelium is maintained by the balance between the
production of new cells by stem cell division and the removal of
old cells by apoptosis. In both mammals and Drosophila, the entire
intestine is renewed within 5 to 7 days. Recent studies conducted
in Drosophila revealed that the rate of stem cell division increases
dramatically in response to stressful conditions, including aging
(Biteau et al., 2008), chemical (Amcheslavsky et al., 2009) or
bacterial challenges (Apidianakis et al., 2009; Buchon et al.,
2009b; Cronin et al., 2009; Jiang et al., 2009). Buchon et al. ﬁrst
investigated the role of JAK/STAT signaling in the stimulation of
ISC division in response to Erwinia infection (Buchon et al.,
2009a). Jiang et al. investigated the role of JAK/STAT signaling in
response to several challenges including apoptosis, stress signal-
ing and Pseudomonas entomophila infection (Jiang et al., 2009).
These studies and a recent study published by Lemaitre and
colleagues (Osman et al., 2012) led to a current model of
intestinal homeostasis in which challenged enterocytes produce
cytokines, that activate the mitogenic activity of JAK/STAT signal-
ing in ISCs, thereby increasing their rate of division in response to
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STAT signaling pathway in Drosophila, is a major cytokine control-
ling the rate of ISC division in response to enteric infection. We
show that upd3 is expressed in ECs, as previously proposed
(Buchon et al., 2009a; Buchon et al., 2009b; Jiang et al., 2009),
but also in differentiating EBs, which suggests a previously unap-
preciated role for the differentiation process in ISC division.
Surprisingly, our genetic analyses suggest that ISC division requires
activation of JAK/STAT signaling in EBs and in the visceral muscles
(VMs), but apparently not in ISCs. Our results support a model of
intestinal homeostasis in which the production of the UPD3
cytokine in ECs and in differentiating EBs regulates JAK/STAT
signaling in EBs and VMs, which potentially control the rate of
EGFR-dependent division of ISCs through EGF ligand production.
We discuss the conceptual implications of these ﬁndings.Fig. 1. upd3 is expressed in the posterior midgut in response to challenge, (A)–(D)
Fluorescence images showing upd3-lacZ expression and pH3-positive nuclei in
response to mock-treatment (A) and (B) and 18-h Ecc challenge (C) and (D). Whole
intestine are shown in (A) and (C). (B) and (D) correspond to magniﬁcation of the
squared regions displayed in (A) and (C), respectively. AM: anterior midgut; PM:
posterior midgut; asterisk: hindgut proliferating zone.Results
upd3 expression is activated in response to challenge
To determine the potential contribution of the known ligands
of the Drosophila JAK/STAT signaling pathway to the stimulation
of ISC division observed in response to challenge, we analyzed the
expression proﬁle of upd, upd2 and upd3 in various models of
enteric infection. It was previously shown that all three cytokines
were induced in response to Pseudomonas entomophila infection
(Jiang et al., 2009). Similarly, we found that all three cytokines
were induced in response to Erwinia carotovora (Ecc15) and
Serratia marcescens infection (Fig. S1A and B). However, upd3
consistently displayed the highest levels of induction, suggesting
that the UPD3 cytokine may play a major role in the control of ISC
division in response to challenge (Fig. S1A and B). We generated
transgenic ﬂies displaying upd3-lacZ reporter and we showed
that, in response to Ecc15 infection, upd3 was strongly expressed
in the posterior midgut (compare Fig. 1A and C, PM and Fig. 1B
and D, upd3-lacZ). This region of the midgut displayed a high rate
of ISC division in response to challenge (compare Fig. 1B and D,
pH3). These results showed a correlation between the local level
of upd3 expression and the rate of stem cell division in the
posterior midgut intestine, as previously proposed (Buchon et al.,
2009a; Buchon et al., 2009b; Cronin et al., 2009; Jiang et al., 2009).
upd3 is required for ISC division in response to challenge
To demonstrate the involvement of the UPD3 cytokine in ISC
division, we generated an upd3 deletion mutant by mobilizing a P
element located in the third intron of the upd3 locus (Fig. 2A). The
Dupd3#9 mutant animals were homozygous viable and displayed
normal longevity as compared to wild-type animals (Fig. S2).
However, the increase in the rate of ISC division observed in
wild-type animals in response to Ecc15 infection was no longer
observed in Dupd3#9 animals (Fig. 2B, Ecc15). The stimulation of
ISC division was also compromised in Dupd3#9 animals in
response to Pseudomonas and Serratia infections (Fig. 2B, Pe and
Sm). Expression of a UAS-upd3 transgene under the control of the
upd3-GAL4, tub-GAL80ts system (Fig. 2C, Dupd3#9 upd34upd3) led
to a 200-fold increase in the levels of upd3 expression at 29 1C
(data not shown). Under these conditions, we observed a signiﬁ-
cant increase in the number of mitotic cells in unchallenged
Dupd3#9 mutant animals, indicating that upd3 over-expression is
sufﬁcient to stimulate ISC division (Fig. 2C). In addition, expression
of UAS-upd3 restored ISC division in response to Ecc15 infection in
the Dupd3#9 mutant animals (Fig. 2C). These data indicate that the
production of the UPD3 cytokine is necessary and probably
sufﬁcient to stimulate ISC division in response to Ecc15 infection.Ecc15 infection stimulates EB-to-EC differentiation
Under normal physiological conditions, the replacement of spent
ECs relies on ISC division and EB differentiation. It is now well
established that the rate of ISC division increases dramatically in
response to challenge. In contrast, the dynamics of EB-to-EC
differentiation in response to challenge has been less characterized.
To address these aspects further, we used the EC-speciﬁc marker
Myo1A (Morgan et al., 1994) and the EB-speciﬁc marker Su(H)GBE-
lacZ (Furriols and Bray, 2001). In unchallenged animals, the poster-
ior midgut epithelium was constituted of ECs, which are large
Myo1A-positive/Su(H)GBE-lacZ-negative cells (Fig. 3A and B,
Myo1A4GFP). Basally located with respect to ECs, we observed
small EBs, which are Myo1A-negative/Su(H)GBE-lacZ-positive cells
(Fig. 3A and B, Su(H)GBE-lacZ, asterisk). In challenged animals, the
ﬁrst signs of response to infection was an apparent increase in
Su(H)GBE-lacZ immuno-detection along the midgut (Fig. 3C and D),
which correlated with the appearance of Su(H)GBE-lacZ-positive
cells of intermediate size, located at the basal side of the epithelium
(Fig. 3D, asterisks, and Fig. S3). Su(H)GBE-lacZ-positive EBs began to
express the EC marker Myo1A and displayed inﬂated nuclei, a likely
reﬂection of the onset of the endoreplication process leading to
polyploidy in mature ECs (Fig. 3D, asterisks, and Fig. S3). Myo1A-
positive/Su(H)GBE-lacZ-positive cells with inﬂated nuclei were
detected as early as 4 h after infection and they represented
the majority of Su(H)GBE-lacZ-positive cells (EBs) in the posterior
midgut 8 h after infection (Fig. S3). After 18 h of infection,
we observed Myo1A-positive/Su(H)-positive cells as large as
mature Myo1A-positive/Su(H)GBE-lacZ-negative ECs, indicating an
advanced stage in the differentiation process (Fig. 3E and F). Thus,
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Fig. 2. The UPD3 cytokine is required for stimulation of ISC division in response to challenge. (A) Structural organization of the upd3 locus in the parental strain (d00871)
and in the upd3 deletion mutant (Dupd3#9). (B) pH3-positive nuclei were scored in wild-type (w1118), heterozygote (Dupd3#9/w1118), and upd3 mutant (Dupd3#9) animals
infected for 18 h with Erwinia carotovora caratovora 15 (Ecc15) (OD600¼50), Pseudomonas entomophila (Pe), or Serratia marcescens (Sm). Averages of three representative
experiments (n¼12 guts/experiment) with standard deviation are shown. P values were calculated by two-tailed, unpaired t-tests. For Dupd3#9 vs. w1118: mock, P¼0.0437
(*); Ecc15 infection, P¼0.0015 (**); Pe infection, P¼0.0132 (*); Sm infection, P¼0.0010 (**). For infection vs. mock, w1118: Ecc15, P¼0.0044 (**); Pe, P¼0.0021 (**); Sm,
P¼0.0066 (**). For infection vs. mock, Dupd3#9: Ecc15, P¼0.2698 (ns); Pe, P¼0.0111 (*); Sm, P¼0.7408 (ns). (C) Genetic rescue of the upd3 mutant. pH3-positive nuclei
were scored in wild-type (w1118), upd3 mutant (Dupd3#9) or rescued upd3 mutant animals (Dupd3#9;upd34upd3: ectopic expression of UAS-upd3 with upd3-GAL4, tub-
Gal80ts). P values were calculated by two-tailed, unpaired t-tests. For mock infection, Dupd3#9 vs. w1118, P¼0.2995 (ns) and wild-type vs. rescue, Po0.0001 (***). For Ecc15
infection, Dupd3#9 vs. w1118, Po0.0001 (***) and upd34upd3 vs. w1118, P¼0.38 (ns).
F. Zhou et al. / Developmental Biology 373 (2013) 383–393 385in addition to the observed increase in the rate of stem cell division,
Ecc15 infection leads to a massive wave of EB-to-EC differentiation.
upd3 is expressed in differentiated ECs and in differentiating EBs
We used the Myo1A4GFP and Su(H)GBE4GFP markers in
combination with the upd3-lacZ reporter to determine the identity
of the upd3-expressing cells. In unchallenged animals, upd3-lacZ
expression was hardly detectable above background levels (Fig. 3G,upd3-lacZ). 8 h after challenge, upd3-lacZ was expressed in large
Myo1A-expressing cells, which were presumably ECs prior to
challenge (Fig. 3H, arrowhead and Fig. S4A, apical Z section). We
also observed upd3-lacZ expression in Su(H)GBE4GFP-positive
cells (Fig. 3H, top and bottom panel, asterisks). The intermediate
size of these Su(H)GBE-GFP-positive cells, with respect to large ECs,
as well as their basal location in the epithelium unambiguously
identiﬁed them as differentiating EBs (Fig. 3H, top panel, asterisk,
and Fig. S4, basal Z section). Accordingly, these differentiating EBs
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Fig. 3. upd3 is expressed and required in differentiated ECs and in differentiating EBs, (A), (C) and (E) Confocal microscopy images of posterior midgut (10X objective, XY
section). (B), (D), (F), (G), (H) and (I) Confocal microscopy images of posterior midgut (60X objective). Bottom panels show XY section. Dotted lines indicate Y coordinates for XZ
reconstruction (top panels). (A)–(F) Expression of the EC-speciﬁc marker Myo1A and EB-speciﬁc marker Su(H)-lacZ in mock-treated animal (A) and (B), animals infected for 8 h
with Ecc15 (C) and (D) and animals infected for 18 h with Ecc15 (E) and (F). (G)–(I) Expression of the EB-speciﬁc marker Su(H)4GFP and the upd3-lacZ reporter in mock-treated
animal (G), animals infected for 8 h with Ecc15 (H) and animals infected for 18 h with Ecc15 (I). (J) and (K) pH3-positive nuclei were scored in Myo1A-Gal4ts/þ (w1118) or
Myo1A-Gal4ts/UAS-iupd3 (UAS-iupd3) (J) and Su(H)-GAL4ts/þ (w1118) or Su(H)-Gal4ts/UAS-iupd3 (UAS-iupd3) (K) animals infected with Ecc15 for 8 h. Averages of three
representative experiments (n¼12 guts/experiments) with s.d. are shown. (J) UAS-iupd3 vs. w1118, P¼0.0462 (*). (K) UAS-iupd3 vs. w1118, P¼0.0164 (*).
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investigated upd3 expression 18 h after infection, a time point
when most EBs present prior to challenge underwent advanced
EB-to-EC differentiation, as demonstrated in Fig. 3E and F. Large
Su(H)GBE4GFP-positive cells expressed the upd3-lacZ reporter,
indicating that EBs that underwent EB-to-EC differentiation
expressed the UPD3 cytokine (Fig. 3I, asterisk). To further determine
the respective contribution of UPD3 production in ECs and EBs, we
silenced upd3 expression using the EC-speciﬁc driver Myo1A-GAL4
or the EB-speciﬁc driver Su(H)GBE-GAL4. Silencing upd3 in ECs or in
EBs led to a 50% decrease in the rate of ISC division after 8 h of
infection (Fig. 3J and K). We conclude that both ECs and differ-
entiating EBs contribute to the UPD3-mediated modulation of the
rate of ISC division in response to Ecc15 infection. These results
therefore uncover an important role for EB differentiation in the
production of the UPD3 cytokine and the control of the upd3-
dependent ISC division.
upd3 is required for activation of JAK/STAT signaling in EBs and
visceral muscles in response to challenge
To identify the cells responding to UPD3 signaling, we used the
10X-STAT-GFP reporter, that faithfully reports on the activity of
the JAK/STAT signaling pathway (Bach et al., 2007). As previously
shown, the 10X-STAT-GFP reporter was expressed in EBs and ISCs
throughout the posterior midgut in unchallenged animals (Beebe
et al., 2010; Buchon et al., 2009b; Cronin et al., 2009; Jiang et al.,
2009; Lin et al., 2010; Liu et al., 2010) (Fig. 4A and B, w1118,
asterisk). In unchallenged upd3 mutant animals, the 10X-STAT-
GFP reporter was expressed in a similar pattern (Fig. 4C and D,
Dupd3#9, asterisk), indicating that the activity of the JAK/STAT
reporter in EBs and ISCs may be due to UPD and/or UPD2
signaling, but not UPD3 signaling. The 10X-STAT-GFP reporter
was strongly expressed in wild-type animals in response to Ecc15
challenge (Fig. 4E, w1118), clearly showing active JAK/STAT signal-
ing in Su(H)GBE-lacZ-positive cells of intermediate size (Fig. 4F,
top panels, w1118, asterisks), which are differentiating EBs, and in
visceral muscles (VMs) (Fig. 4F, bottom panels). In agreement
with a major role for the UPD3 cytokine in the activation of JAK/
STAT signaling in response to challenge, the 10X-STAT-GFP repor-
ter was weakly expressed in challenged upd3 mutant animals
(Fig. 4G, Dupd3#9). EBs did not undergo complete differentiation,
as determined by the absence of Su(H)GBE-lacZ-positive cells of
intermediate size (compare the size of EBs (asterisks) in Fig. 4F,
w1118, and Fig. 4H, Dupd3#9). Strikingly, the strong activation of
JAK/STAT signaling observed in visceral muscles in wild-type
animals (Fig. 4F, bottom panel) was absent in upd3 mutant
animals (Fig. 4H, bottom panel). We conclude that, in response
to challenge, the UPD3 cytokine produced in ECs and differentiat-
ing EBs is required for activation of JAK/STAT signaling in EBs and
in VMs.
The secreted UPD3 cytokine locates to the basement membrane and
signals to VMs
Our previous results suggested that the UPD3 cytokine pro-
duced in ECs and in EBs activates JAK/STAT signaling in VMs. To
further demonstrate the paracrine nature of UPD3 signaling, we
generated a GFP-tagged version of the upd3 cytokine. We found
that the UPD3-GFP cytokine decorated the lining of the circular
visceral muscle ﬁbers, as determined by co-staining of F-actin,
which is present at high level in the smooth muscles underlying
the midgut epithelium (Fig. 5A). These data suggested that the
UPD3 cytokine is secreted basally and locates to the basement
membrane of the intestine, where it potentially interacts with the
extracellular matrix (ECM). In agreement with this notion, wefound that the UPD3 cytokine co-localized with the ECM marker
Viking (Fig. 5B and C). To further demonstrate that upd3 produc-
tion in EBs (or ECs) would activate JAK/STAT signaling in visceral
muscles, we over-expressed the UAS-upd3 transgene using the
EB-speciﬁc driver Su(H)GBE-Gal4. In control animals (Su(H)ts/þ),
the 10X-STAT-GFP reporter displayed strong expression in EBs, but
only basal level expression in visceral muscles (Fig. 5D, asterisk).
However, in animals over-expressing the UPD3 cytokine in EBs
(Su(H)ts 4UAS-upd3), the 10X-STAT-GFP reporter displayed a
striking high expression level in the underlying muscles (Fig. 5E,
asterisk). Moreover, we noticed the presence of cells of inter-
mediate size displaying 10X-STAT-GFP expression, which were
presumably differentiating EBs (Fig. 5E, arrowhead). These results
indicate that the UPD3 cytokine produced in EBs locates to the
basement membrane, where it displays the potential to trigger EB
differentiation and activate JAK/STAT signaling in visceral mus-
cles. As expected, we found that over-expressing the UPD3
cytokine in ECs using the Myo1A-GAL4ts driver led to similar
results (data not shown). We conclude that basal secretion of the
UPD3 cytokine in producing cells leads to activation of JAK/STAT
signaling in responsive cells that interact with the basement
membrane, which includes EBs and visceral muscles.
JAK/STAT signaling is required in EBs and in visceral muscles for
stimulation of ISC division
To investigate the role of JAK/STAT signaling in various cell
types with respect to ISC division, we used the Myo1A-GAL4
(Morgan et al., 1994), Dl-GAL4 (Zeng et al., 2010), Su(H)GBE-
GAL4 (Zeng et al., 2010) and How-GAL4 (Brand and Perrimon,
1993) drivers, which confer speciﬁc expression in ECs, ISCs, EBs
and VMs, respectively. Expression of a dominant negative version
of the Drosophila JAK/STAT receptor Domeless indicated that
complete stimulation of ISC division in response to challenge
requires JAK/STAT signaling in EBs and in VMs, but apparently not
in ISCs or ECs (Fig. 6). As opposed to previous conclusions (Buchon
et al., 2009a), our results suggest that the activity of JAK/STAT
signaling is apparently not required in ISCs (or in ECs) in order to
stimulate ISC division in response to Ecc15 infection. Instead, our
results indicate that JAK/STAT signaling is required in EBs, the
differentiating stem cell progeny, and in VMs, the stem cell niche
(Lin et al., 2008), for non-cell autonomous stimulation of ISC
division.
Role of UPD3 signaling in stimulation of EGFR-dependent ISC division
Our results suggested an important role for the activity of
JAK/STAT signaling in VMs in the modulation of the rate of ISC
division in response to challenge. In the Drosophila intestine, VMs
act as the stem cell niche (Lin et al., 2008) and produce growth
factors, such as the EGF family member Vein, that stimulates
EGFR signaling in stem cells and contribute to their maintenance
and proliferation (Biteau and Jasper, 2011; Buchon et al., 2010;
Jiang et al., 2011; Xu et al., 2011). In agreement with previous
ﬁndings (Buchon et al., 2010), we found that, in response to Ecc15
challenge, the expression of vein was increased in visceral
muscles (Fig. 7A and B). This increase in vein expression relied
on upd3 expression (Fig. 7C). However, Vein depletion in VMs did
not phenocopy the strong inhibition of ISC division observed in
upd3 mutant animals (data not shown), suggesting that EGF
family members may display redundant functions in the intes-
tine. In agreement with this assumption, we found that the UPD3
cytokine was also required for activation of the EGF family
member gene spitz in response to challenge (Fig. 7F). Analysis of
spitz expression pattern revealed that this EGF ligand is expressed
in Su(H)GBE-lacZ-positive cells in unchallenged ﬂies (Fig. 7D).
Mock-treatment 
18-hr Challenge 
Fig. 4. upd3 is required for activation of JAK/STAT signaling in EBs and visceral muscles in response to challenge. (A)–(H) Low-magniﬁcation (left panels) and high-
magniﬁcation (right panels) confocal microscopy images of 10XSTAT-GFP and Su(H)GBE-lacZ expression in the posterior midgut. Bottom right panels show XY sections.
Dotted lines indicate Y coordinates for XZ reconstruction (top right panels). Images corresponding to mock-treated (A) and (B) and challenged (E and F) wild-type (w1118)
and mock-treated (C) and (D) and challenged (G) and (H) upd3 mutant (Dupd3#9) animals.
F. Zhou et al. / Developmental Biology 373 (2013) 383–393388After 18 h of infection, we observed that spitz was expressed in
large Su(H)GBE-lacZ-positive cells, which are differentiated EBs
(Fig. 7E). Thus, at least two different cell types, EBs and visceralmuscle cells, produce upd3-regulated factors that may regulate
EGFR signaling in ISCs. Several groups used the progenitor-speciﬁc
escargot-GAL4 driver to express a dominant negative version of the
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Fig. 6. JAK/STAT signaling is required in enteroblasts and visceral muscles for ISC
division in response to challenge. Expression of a dominant negative version of the
Domeless receptor (UAS-domeDCYT) in ISCs and EBs (esg-GAL4), ISCs alone
(Dl-GAL4), EBs alone (Su(H)GBE-GAL4), visceral muscles (how-GAL4), or enterocytes
(Myo1A-GAL4). Animals were mock-treated (Mock) or infected with Ecc15 for 8 h
(8Ecc). Averages of six independent experiments (n¼12 guts/experiments) with
s.e.m. are shown. P values were calculated by two-tailed, unpaired t-tests.
Compared to control, esg-GAL4, P¼0.012 (*); Dl-GAL4, P¼0.36 (ns); Su(H)GBE-
GAL4, P¼0.017 (*), how-GAL4, P¼0.015 (*); Myo1A-GAL4, P¼0.93 (ns).
Fig. 5. The UPD3 cytokine produced in EB locates to the extracellular matrix and
activates JAK/STAT signaling in EB and in visceral muscles. (A) The UPD3-GFP
fusion decorates muscles as visualized by F-actin staining. (B) The UPD3-GFP
fusion protein co-localizes with the extracellular matrix marker Viking.
(C) Magniﬁcation of the squared area shown in (B). (D) The 10X-STAT-GFP reporter
is expressed in EBs and display basal expression level in visceral muscles. (E) Over-
expression of the UAS-upd3 transgene using the Su(H)-Gal4ts driver leads to 10X-
STAT-GFP expression in visceral muscles (asteriks) and differentiation of EBs
(arrowhead pointing to the nucleus of a differentiating EB).
F. Zhou et al. / Developmental Biology 373 (2013) 383–393 389EGF receptor and concluded that EGFR signaling is required for
stimulation of ISC division (Biteau and Jasper, 2011; Buchon et al.,
2010; Jiang et al., 2011; Xu et al., 2011). In agreement with these
observations, we showed that blocking EGFR signaling in ISC using
the stem-cell speciﬁc driver Dl-GAL4 abolished the stimulation of
ISC division observed in response to Ecc15 challenge (Fig. 7G).
Collectively, these studies support the notion that, in response to
challenge, the production of the UPD3 cytokine in differentiating
EBs and differentiated ECs leads to activation of JAK/STAT signaling
in EBs and VMs, which modulates the JAK/STAT-dependent produc-
tion of EGF ligands, thereby stimulating the EGFR-dependent ISC
division (Fig. 7H).Discussion
In Drosophila, the replacement of spent enterocytes (ECs) relies
on division of intestinal stem cells (ISCs) and differentiation of
their progeny, the enteroblasts (EBs). The mechanisms coupling
environmental challenges and intestinal stem cell division have
been recently investigated in Drosophila (Amcheslavsky et al.,
2009; Buchon et al., 2009b; Cronin et al., 2009; Jiang et al., 2009).
A consensus has emerged in the ﬁeld supporting a model of
intestinal homeostasis in which environmental challenges stimu-
late cytokine production in challenged ECs, which constitutes a
mitogenic signal that stimulates ISC division. The results reported
here lead us to propose an alternative model in which in response
to environmental challenges, challenged ECs, but also differen-
tiating EBs participate in cytokine production, which modulates
the JAK/STAT-dependent activity of the stem cell microenviron-
ment (the niche) and indirectly modulates the rate of EGFR-
dependent stem cell division (see model in Fig. 7H). Below, we
discussed the implication of this alternative model of intestinal
homeostasis.
Is there a role for JAK/STAT signaling in ISCs in the control of ISC
division?
Numerous studies on the mammalian intestine have docu-
mented the role of JAK/STAT signaling in cell proliferation and
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Fig. 7. Role of UPD3 signaling in EGFR-dependent ISC division.(A)–(B) Vein is weakly expressed in visceral muscles as visualized by F-actin staining in mock-treated
animals and highly expressed in animals infected for 18 h with Ecc15. (C) Quantiﬁcation of vein expression by RT-PCR in mock-treated animals and in animals infected with
Ecc15 for 8 h (8Ecc). For w1118, 8Ecc vs. Mock, P¼0.0006 (***). For Dupd3#9, 8Ecc vs. Mock, P¼0.5585 (ns). (D) and (E) Spitz is expressed in EBs as visualized with the
Su(H)GBE-lacZ marker in mock-treated animals and in differentiated EBs in animals infected with Ecc15 for 18 h. (F) Quantiﬁcation of spitz expression by RT-PCR in mock-
treated animals and in animals infected with Ecc15 for 8 h (8Ecc). For w1118, 8Ecc vs. Mock, P¼0.0101 (*). For Dupd3#9, 8Ecc vs. Mock, P¼0.8212 (ns). (G) EGF signaling was
conditionally (using tub-GAL80ts) inhibited in ISCs and EBs (esg-GAL4), or ISCs alone (Dl-GAL4) by expressing a dominant-negative form of the EGF receptor (UAS-EGFRDN).
For Ecc15 treatment (8Ecc), escg-GAL4 vs. w1118, P¼0.0414 (*) and Dl-GAL4 vs. w1118, P¼0.0012 (**). (H) Model of intestinal homeostasis. Erwinia infection activates upd3
expression in mature enterocytes (EC) and in differentiating enteroblasts (EB) (UPD3 production and producing cells are depicted in red). The basal secretion of the UPD3
cytokine activates JAK/STAT signaling in EBs and in visceral muscles (VM) (JAK/STAT signaling depicted in green). Activation of JAK/STAT signaling in EBs and VMs leads to
EGF ligand production that stimulates the EGFR-dependent division of ISCs (EGF signaling depicted in blue).
F. Zhou et al. / Developmental Biology 373 (2013) 383–393390tumor formation (Becker et al., 2004; Rigby et al., 2007). Similarly,
recent studies reported a major role for JAK/STAT signaling in the
control of stem cell division in the Drosophila intestine (Buchon
et al., 2009a; Buchon et al., 2009b; Cronin et al., 2009; Jiang et al.,
2009). These Drosophila studies relied on genetic manipulations
using the escargot-Gal4 driver, which is not only expressed in ISCs,
but also in EBs (Micchelli and Perrimon, 2006; Ohlstein and
Spradling, 2006). Here, we interfered with JAK/STAT signaling by
expressing a dominant negative version of the Domeless receptor
with the Dl-GAL4 (Zeng et al., 2010) and Su(H)-GAL4 (Zeng et al.,
2010) drivers, which confer speciﬁc expression in ISCs and EBs,
respectively. These experiments revealed that, in order to stimu-
late ISC division, JAK/STAT signaling is apparently not required in
ISCs, but in EBs. Interestingly and in agreement with the notion
that JAK/STAT signaling is not required in ISCs for ISC division,several groups have reported the outcome of genetic experiments
clearly indicating that STAT-/- clones displayed normal cell
numbers, but accumulated cells with small nuclei. This indicates
that STAT-/- clones proliferate normally, but their progeny fails to
differentiate into large ECs (examples of STAT-/- clones can be
found in Fig. 4D, E, I from (Jiang et al., 2009), Fig. 3B and D from
(Beebe et al., 2010), and Fig. 3D–F, H from (Lin et al., 2010)).
Altogether, these data suggest that JAK/STAT signaling in ISCs
plays little role in ISC division under normal physiological condi-
tions, as well as in response to environmental challenge.
Regulation of upd3 expression
Our genetic analysis revealed a crucial role for the UPD3
cytokine in the control of ISC division in response to challenge.
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expressed by challenged ECs in response to bacterial infection
(Buchon et al., 2009b; Jiang et al., 2011). However, the identity of
the producing cells had never been unambiguously demonstrated
using speciﬁc markers. Here, we used Myo1A and Su(H)GBE-lacZ
and showed that, as previously proposed, the UPD3 cytokine is
expressed in mature ECs early on during infection. In addition, our
study reveals that bacterial challenge triggers a massive wave of
differentiation that triggers upd3 expression in differentiating EB.
The mechanism(s) regulating upd3 expression in ECs and differ-
entiating EBs are unresolved. The possibility that upd3 expression
may be regulated by NF-kB signaling in response to bacterial
infection has been tested and excluded (Buchon et al., 2009b).
It was suggested that the infection process leads to the produc-
tion of reactive oxygen species (ROS) (Buchon et al., 2009a) that
may activate signaling events involved in stress responses, such
as JNK signaling. In this context, ROS production may activate
upd3 expression in challenged ECs. We also note that ROS have
been shown to regulate progenitor differentiation in Drosophila
hematopoietic lineage (Owusu-Ansah and Banerjee, 2009). It is
therefore possible that ROS production may trigger the massive
wave of differentiation observed in response to infection, thereby
leading to upd3 expression in EBs. In addition to infection, various
treatments leading to tissue damage, including feeding toxic
compounds or genetic manipulation of ECs, lead to upd3 activa-
tion (Buchon et al., 2009b; Jiang et al., 2009). It is therefore
tempting to speculate that upd3 activation results from the
damage caused to the epithelium by the infection process. For
instance, the loss of EC-EB cell–cell contacts, as a consequence of
the damages inﬂicted by the infection process, may trigger the
signaling events leading to upd3 expression in ECs and in EBs. We
note that this mode of regulation may not only take place in
response to extensive damage caused by bacterial infection and
may also occur locally under physiological conditions when spent
ECs undergo apoptosis and leave the epithelium (our unpublished
observation).
Stem cell microenvironment and the control of stem cell division
Numerous studies have emphasized the crucial role of the
stem cell niche in the maintenance of stem cells (Morrison and
Spradling, 2008; Ohlstein et al., 2004). In the Drosophila intestine,
the visceral muscles act as a niche and provide growth factors
that stimulate stem cell division (Jiang and Edgar, 2009; Lin et al.,
2008). Our results show that, in order to modulate the rate of
stem cell division in response to challenge, JAK/STAT signaling is
required in EBs and in visceral muscles, where it controls the
expression of growth factors that potentially stimulate stem cell
division. Thus, our results indicate that UPD3/JAK/STAT signaling
control the rate of stem cell division through modulation of the
signaling activity of the stem cell microenvironment in the
Drosophila intestine. Interestingly, a similar situation was recently
described in studies on the mammalian bladder, where the
activity of the Hedgehog/Wnt and BMP signaling pathways in
the stem cell microenvironment modulate the rate of stem cell
division in response to urinary infection (Mysorekar et al., 2009;
Shin et al., 2011). Thus, modulation of stem cell microenviron-
ment signaling activity is a conserved feature of the proliferative
response to infection in Drosophila and in mammals.
A role for stem cell progeny in the control of stem behavior
Recently, Ohlstein and colleagues showed that insulin signal-
ing in EBs control the rate of ISC division through modulation of
cell–cell contacts (Choi et al.,). Here, we demonstrate that differ-
entiating EBs produce signaling molecules, such as the UPD3cytokine, that control the rate of stem cell division. Thus, the
importance of stem cell progeny and their differentiation in the
control of stem cell division is an emerging theme in stem cell
biology. The differentiation process is often regarded as a mere
consequence of stem cell division and daughter cell speciﬁcation.
However, our results indicate that the differentiation process and
production of signaling molecules instruct stem cell division
though modulation of the microenvironment activity in the
Drosophila intestine. In the mammalian intestine, stem cell
progeny are transit-amplifying cells that ultimately differentiate
into one of the mature intestinal cell lineages (Radtke and Clevers,
2005). Given the striking structural and functional similarities
displayed by the Drosophila and the mammalian intestine, it is
possible that similar to the ﬁndings reported here the differentia-
tion process plays a critical role in the modulation of stem cell
division. The Drosophila intestine therefore constitutes a powerful
system to investigate the role of the differentiation process in
orchestrating the maintenance of intestinal homeostasis under
physiological conditions and in response to challenge.Materials and methods
Bacterial stocks
Erwinia carotovora carotovora 15 (Ecc15) (Basset et al., 2000)
was grown in LB medium at 30C. Pseudomonas entomophila (Pe)
(Vodovar et al., 2005) and Serratia marcescens Db11 (Sm) (Kurz
et al., 2003) were grown in LB medium at 371C.Fly stocks and culture
Dupd3#9, upd3-lacZ, UAS-upd3, UAS-upd3-GFP and upd3-GAL4
lines are described in the Materials and methods section. The
following ﬂy strains were used: w1118 (BestGene); 10XSTAT-GFP
(Bach et al., 2007); Su(H)GBE-lacZ (Furriols and Bray, 2001);UAS-
domeDCYT (Brown et al., 2001); esg-GAL4,UAS-GFP (DGRC, Kyoto,
Japan); Su(H)-GAL4 and dl-GAL4 (Zeng et al., 2010); how-GAL4
(Brand and Perrimon, 1993); Myo1A-GAL4 (Morgan et al., 1994);
spitz-GAL4 (Jiang and Edgar, 2009); tub-GAL80ts (Bloomington
Drosophila Stock Center); UAS-EGFRDN(stock 5364, Bloomington
Drosophila Stock Center); vn-lacZ (stock 11749, Bloomington
Drosophila Stock Center). Flies were maintained on standard
media at room temperature. For GAL4ts experiments, F1 progeny
were raised at 18 1C throughout their development. GAL4ts activ-
ity was controlled by placing 5 day-old F1 female adult ﬂies at
either restrictive (29 1C) or permissive (18 1C) temperatures.Generation of the upd3 mutant line
The various deletion alleles of the upd3 locus were generated
by excision of P element P(XP)upd3d00871 inserted in the third
intron of the upd3 gene. P(XP)upd3d00871/FM7 females were
crossed to P[ryþ , Delta 2–3]99B/TM3 males and non-FM7 F1
males were then crossed to attached-X females. F2 males were
scored for potential P element excision on the basis of eye color.
Excision of the P element was conﬁrmed by PCR ampliﬁcation.
DNA sequencing of the Dupd3#9 mutant line revealed a deletion
spanning from positionþ3476 to positionþ6706 with reference
to the start codon (Fig. 2A). This results in the predicted produc-
tion of a truncated polypeptide displaying the ﬁrst 217 amino-
acid residues of UPD3 plus 7 C-terminal amino acid residues
(VSVVHMP) resulting from deletion of the acceptor splicing sites
of exon 4 and translation termination in (unspliced) intron 3.
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The upd3-lacZ reporter construct was generated by PCR ampliﬁca-
tion of the 4kb DNA region upstream from the upd3 start codon using
oligonucleotides 50 upd3 4kb-PRM-KpnI (50- GGTACCGTTACCCGGT-
GATCATCACG -30) and 30 upd3 PRM-BamHI (50-GGATCCGTTGGCTGG-
GAATTCCGCAC -30) as primers, and genomic DNA as template. The
resulting PCR product was cloned into pPelican and injected into
embryos.Generation of UAS-upd3
The 50 end of the upd3 cDNA was determined by RACE using
total RNA extracted from adult ﬂies and the SMART RACE cDNA
ampliﬁcation kit (Clontech). The entire upd3 cDNA was cloned by
PCR ampliﬁcation using oligonucleotides 50 upd3 RACE end-KpnI
(50-GGTACCGTGCGTGTCAATCAAGTACG -30) and 30 upd3 -XbaI (50-
TCTAGACTAGAGTTTCTTCTGGATC-30) as primers and adult ﬂy
cDNA as template. The resulting amplicon was cloned into pCR-
TOPO 2.1 (Invitrogen). DNA sequencing conﬁrmed the electronic
annotation (www.ﬂybase.org), except for a large intron in the 50
region (position þ3 to þ1832, with respect to the start codon).
The transcription start site at position 595 was inferred from
the sequence of the largest clone identiﬁed by RACE. The position
of the second, third and fourth intron was conﬁrmed by DNA
sequencing. Transgenic ﬂies expressing the UAS-upd3(p) 1M
rescue construct were generated by cloning the KpnI-XbaI cDNA
fragment into pUASp and injected into embryos.Generation of upd3-GAL4
Transgenic ﬂies expressing the upd3-GAL4 2kb-1M repo-
rter construct was generated by PCR ampliﬁcation of the 2kb
DNA region located upstream from the upd3 start codon using
oligonucleotides 50 upd3 PRM-KpnI (50-GGTACCATGACACCGAT-
CACCA-30) and 30 upd3 PRM-BamHI (50-GGATCCGTTGGCTGG-
GAATTCCGCAC-30) as primers and genomic DNA as template.
The resulting PCR product was cloned into pGaTB. The DNA
fragment harboring the upd3-GAL4 construct was excised from
the corresponding plasmid using KpnI and NotI and cloned into
pCaSpeR4 and injected into embryos.Generation of UAS-upd3-GFP
The upd3 cDNA was PCR ampliﬁed using oligonucleotides 50
upd3-KpnI (50-GGTGGTACCGTGCGTGTCAATCAAGTACG-30) and 30
upd3-XmaI (50- CCCCCCGGGCGAGTTTCTTCTGGATCGCCTTTGGC-
30) as primers and cloned into pEGFP-N1 (Clonetech, Inc) gen-
erating pupd3-EGFP-N1. Transgenic ﬂies expressing the UAS-
upd3-GFP rescue construct were generated by cloning the EcoRI/
NotI upd3-GFP DNA fragment from pupd3-EGFP-N1 into pUASp
and injected into embryos.Enteric infection
One-week-old females were starved for 2 h, and then placed in
empty vials containing Kimwipe soaked in 5% (w/v) sucrose
solution (mock infection), or soaked in bacteria pellet re-
suspended with 5% sucrose. Erwinia carotovora carotovora was
administered at OD600¼200, unless noted otherwise. Pseudomo-
nas entomophila: OD600¼20; Serratia marcescens: OD600¼50. The
ﬂies were then kept at 29 1C for the duration of the infection.Immunoﬂuorescence and microscopy
Guts were dissected in 1X phosphate-buffered saline (PBS) and
ﬁxed at room temperature for 1 h in 1X PBS, 2mM MgCl2, 4%
paraformaldehyde. Samples were washed and blocked for 1 h in
1X PBS, 1% Bovine Serum Albumin (BSA), 0.1% TritonX-100. All
subsequent stainings and washes were done in 1X PBS, 1% BSA,
0.1% TritonX-100. The samples were stained overnight with
primary antibodies at 4 1C, and for 2 h with secondary antibodies
at room temperature. The samples were mounted using a DABCO-
based anti-fade media. The following primary antibodies were
used: rabbit anti-pH3 (Millipore; 1:1000); mouse anti-b-Galacto-
sidase (Promega; 1:1000); chicken anti-GFP (Abcam; 1:10,000).
Fluorescent secondary antibodies used were: Alexa488 or
Alexa594-coupled anti-mouse or anti-rabbit antibodies (Invitro-
gen); FITC-coupled anti-chicken antibody (Jackson ImmunoRe-
search). DNA and F-actin were stained using Hoechst and
Phalloidin, respectively (Molecular Probes).
Epiﬂuorescence microscopy was conducted on a TE 2000 micro-
scope (Nikon) and images were processed using the MetaMorph
software (Molecular Devices). Confocal microscopy was conducted
on a TE 2000 spinning-disc confocal microscope (Nikon) and images
were processed using the Volocity software (PerkinElmer).Acknowledgments
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